ABSTRACT: Over the last decades the traditional photographic films used in radiology are being replaced by digital X-ray imaging sensors in many applications. The main advantages of these systems are their detection efficiency of image acquisition and the ability to directly digitally transfer and enhance obtained images. In this paper we characterize and evaluate the X-ray imaging performance of a YAG:Ce single crystal scintillator. The scintillator converts X-rays into visible light that is collected by an optical camera. The camera uses a CCD sensor with the size of 36x24 mm 2 and with 4050 x 2630 pixels of 9x9 µm 2 pitch, and is equipped with a macro objective. The semiconductor pixel detector Medipix2 was used for the evaluation of the imaging capabilities of this imaging system. The imaging capability is evaluated in terms of several basic characteristics: spatial resolution, edge response function, signal to noise ratio and contrast to noise ratio. A microfocus X-ray tube was used for high spatial resolution measurements in order to minimize the influence of the X-ray tube spot size. Measurements were done using an edge phantom, step wedge phantom and low contrast fibres. The corresponding measurements for all phantoms were done under identical conditions in order to assure comparability. The results measured by the CCD camera demonstrate the possibilities of sensitive X-ray radiography imaging with high spatial resolution.
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Introduction
In order to evaluate the imaging properties of several systems without prejudice, repeatable objective criteria are needed. The chosen criteria should be able to characterize which system can detect the smallest object (spatial resolution characteristics) or which system will give us the best image contrast (signal-to-noise measurements).
The spatial resolution of the detector can be determined by finding the modulation transfer function of the detector which determines the maximum number of line pairs per one millimetre that can be recognized. The slanted edge method for evaluation of MTF is used in this article (oversampling of the edge response profile).
The contrast characteristics can be described by the signal-to-noise ratio measured in several zones on a step wedge phantom. The relations between SNR in these zones give a comparison of what contrast can be achieved for objects of given equivalent thicknesses of calibration material (aluminium) [1].
Both methods have been used to characterize two different imaging systems: a CCD camera with a YAG:Ce scintillation crystal (CRYCAM) and a hybrid semiconductor pixelated detector (Medipix2). A microfocus X-ray tube with a copper target was used for the measurements. The results thus obtained are presented and discussed.
Instruments and methods

YAG:Ce scintillation single crystal with a low noise CCD camera
The first detector is a low noise CCD camera formed by 4050x2630 square pixels with a pitch of 9 µm (total size 36x24 mm), equipped with a yttrium aluminium garnet (YAG:Ce) scintillation crystal produced by Crytur Ltd. The YAG:Ce inorganic crystal scintillator is characterized by good mechanical and chemical stability, non-hygroscopicity, high scintillation efficiency and fast decays [2, 3] . The YAG (Y 3 Al 5 O 12 ) single crystal is an oxide material grown by the Czochralski technique.
Screens prepared from YAG:Ce single crystals are used in many devices for the detection of different kinds of radiation and particles (UV, VUV, electrons or ions or their beams, X-or gammarays). In high resolution X-ray projection imaging, very thin single crystal scintillator plates of about 5 to 20 micrometre thickness are used to achieve spatial resolutions of about one micrometre [4] .
Medipix2 hybrid semiconductor pixel detector
Medipix2 [5] is a pixelated hybrid semiconductor detector with the ability to perform single photon counting in each individual pixel. The detector matrix consists of 256x256 square pixels with a pitch of 55 µm which is bump-bonded to a 300 µm thick silicon diode sensor. The dimensions of the sensor sensitive area are 14 x 14 mm. The detector is being developed in CERN under the Medipix Collaboration framework.
Slanted edge modulation transfer function (MTF) evaluation
The modulation transfer function (MTF) characterizes the spatial resolution of a detector. It can be measured directly by Fourier transform of an edge response. In this article we use the slanted edge response method because it extends the classic edge measurement with oversampling. The edge is measured with a small slope (approx. 5 degrees), therefore the edge profiles appear many times with a different shift. This shift is used for oversampling of the edge response of the detector (approx. by factor of 10). For the description of the edge, simple fitting by error function was chosen.
The fitted edge response is then differentiated to get the noise free point spread function (PSF). The MTF is consequently obtained as a real part of the Fourier transform of the calculated PSF.
Step wedge phantom signal-to-noise (SNR) evaluation
Sufficient contrast (i.e. the signal to noise ratio) is needed for the identification of objects in the radiogram obtained. This means that it is necessary for the signal created by an object to overcome the noise presented in the image. The signal-to-noise ratio is defined as the ratio of mean to standard deviation of a signal. To distinguish image features at 100% certainty, the so-called Rose criterion (SNR at least 5) has to be fulfilled. The step wedge phantom can be used for the evaluation of SNR dependency on sample thickness for a given system. With respect to common applications, several step wedge phantoms were prepared. The wedges were made of aluminium foils with thicknesses of 9, 30 and 75 µm, covering the thickness range of 9-840 µm (tested detectors are usually used for radiography of small samples by continuous X-ray spectrum with energies of up to 60 keV).
For the qualitative assessment of the image quality, a modification of common signal-to-noise ratio was used. This modality, used for the evaluation of several image regions, is called contrastto-noise ratio (CNR) [6] and is defined as the SNR difference in two zones (A, B -mean values,
3 Results
Spatial resolution measurements
To determine the spatial resolution, the slanted edge method on an accurate steel edge was used for both detectors. The angle of the edge was set to approximately 5 degrees to obtain pixel oversampling by a factor of 10. The edge was positioned close to the detector to minimize the influence of the X-ray tube spot size and image magnification caused by geometry. The distance between the X-ray tube and detector was 80 mm. The measurements were done with a micro focus X-ray tube with a copper target at 2 watts (40 keV and 50 µA). Image acquisition times were 2s for Medipix and 240s for Crycam. The oversampled edge profiles were fitted by an error function to obtain an approximation of the edge profile. The point spread functions and modulation transfer functions (MTF) were derived from this function.
The spatial resolution is usually presented at the level of 0.3 MTF and 0.05 MTF. Medipix spatial resolution at 0.3 MTF is 0.372 lp/pixel (6.76 lp/mm), at 0.05 MTF is 0.588 lp/pixel (10.69 lp/mm). CRYCAM spatial resolution at 0.3 MTF is 0.078 lp/pixel (8.66 lp/mm), at 0.05 MTF is 0.121 lp/pixel (13.44 lp/mm).
Signal-to-noise and contrast-to-noise measurements
The signal-to-noise characteristics of both detectors were measured with the same microfocus setup as in the spatial resolution measurements. The X-ray tube was set to 80 kV @ 2 watts and the sample to detector distance was changed to 23 mm. Three aluminium step wedge phantoms were measured to cover a wide range of thicknesses (9-900 µm). The CNR results are calculated for the various combinations of thicknesses. 
Measurement of fine low contrast fibres
To illustrate the quality of the images obtained by the CCD camera with a YAG:Ce scintillation screen, a bundle of low contrast carbon fibres was measured (fibre diameters are about 6-10 µm). The acquisition time for the image taken was 240 s (post-processed by background subtraction and flat field correction), on a micro focus X-ray tube set to 60 kV and 2 watts with a copper target on a beryllium window. The same carbon fibres were imaged by using the Medipix detector, see figure 4. The acquisition time for the image taken was 2 s (post-processed by background subtraction and flat field correction).
Conclusions
Two different X-rays imaging detectors are compared. Their spatial resolution and contrast characteristics were measured.
The light in the scintillator at the CRYCAM detector is blurred around the projection of the edge as can be seen from the shape of the edge response function. The Medipix2 converts the Xrays into electrons inside its pixels thus the edge response is sharper. Nevertheless, as the CRYCAM Table 1 . Table of contrast-to-noise ratios for the given thicknesses of aluminium (table axes correspond By comparing the CNR of both detectors we are in fact comparing the energy response of the 50 µm thick YAG:Ce and 300 µm thick silicon. The X-ray spectrum generated at the copper anode with voltage set to 80 kV is filtered with increasing thickness of aluminium. The results show that the Medipix detector can achieve two to three times better CNR for this energy range; still, both detectors are well suited for low contrast imaging. The CRYCAM detector was successfully used for the imaging of low absorption materials such as carbon fibres (see figure 4 ).
